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USE OF A STANTON THERMIBALARCE FOR MICROANALXSIS O F  cRE0SC"E 

T. W .  Smeal 

United States  S tee l  Corporation 
Applied Research Laboratory 

Mnroeville , Pa. . 

Introduction 

In the production of metallurgical coke by modern processes, the  gases and tars 
driven from the coal a re  condensed t o  provide the raw material for a wide var ie ty  of 
coal chemicals. These coal chemicals, including millions of gallons of coal-tar 
creosote, are  some of the  Important products of the United S ta tes  S t e e l  Corporation. 
As a major producer of coal-tar creosote, the Corporation has sought t o  learn more 
about the properties of creosote a s  a wood preservative. 

One of the best  methods for studying the chemistry of creosote a s  a wood 
preservative is t o  extract  the residual creosote from wood t h a t  has been i n  service 
and for which a completely documented his tory i s  available.  
however, the amount of creosote tha t  can be extracted from small core borlngs, 
sections of smU t e s t  stakes, and other small specimens is  not , suf f ic ien t .  
fore the Applied Research Laboratory of the  United States  S t e e l  Corporation l n i t i -  
ated a search f o r  a re la t ive ly  simple method o f  characterizing very small samples 
(0.1 - 1.0 gram) t o  replace the  Church-flask d is t i l l a t ion ,  which requires a sample 
of 100 grw. 
method for  characterizing the composition 02 creosote, is  fundamentally an evapo- 
ra t ion method. 
been proposed by researchers a t  Allied Chemical Corporation and a t  B e l l  Telephone 
Laboratories .lt2)* These methods, however, were not well-adapted t o  our problem. 
It w a s  logical  t o  reason that  since w e  were interested in the  evaporation pattern 
of a small amount of v o l a t i l e  materials, a controlled-temperature recording balance 
would reveal the des*ed pattern.  
a thermobalance manufactured by the Stanton Instrument Company of London. 

The Stanton Thermobalance 

For analyt ical  purposes, 

There- 

The Chmch-flask d i s t i l l a t i o n ,  which is accepted a s  t h e  standard 

Other apparatus that gives refined measuremnts of evaporation has 

Such an instrument was avai lable  in the form of 

The Stanton thermobalance, Model TR-1 shown in Figure  1, is an analytical ,  
continuously recording balance SO constructed tha t  the sample being weighed i s  
supported within a tube furnace. 
operate throughout a range of 1000 centigrade degrees. 
c a l l y  raised during the weighing period by means of a program control motor. 
motors of different  speeds are obtainable, the work reported here w a s  done with a 
motor providing a constant r a t e  Of Six degrees per minute temperature r i se .  The tube 
furnace, which contains baff les  t o  reduce a i r  movement, is two inches in diameter and 
has a hot zone twohches in depth. 
furnace w a l l  a t  the center of the hot zone actuates the temperature-recording pen. 
The furnace can be eas i ly  ra ised and lowered over the sample on the  balance platform. 
The sample, i t s e l f ,  is contained i n  a small crucible supported on a rod attached to  
the weighing mechanism of the balance. 
keeps the furnace symmetrically aligned with the axis  of the crucible. 

The e lec t r ica l ly  heated furnace is  COIlBtNCted t o  
The temperature is automati- 

Although 

A platinum-rhodium thermocouple located near the 

A system of guide rods and countemeight 
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The balance mechanism i s  sens i t ive  t o  one milligram and can record a weight 

change as great  a s  400 milligrams per minute t o  a maxirmun t o t a l  weight change of 50 
grams. 

U s e  of t h e  Thermobalance 

Because the temperature-recorder thermocouple La located along the  wall of the 

We used a 10 cc 
furnace rather  than in the  crucible,  a crucible of high heat-conductivity must be 
used t o  minimize t h e  unavoidable Lag in temperature of the sample. 
platinum crucible conforming t o  Standard D-271 of the American Society for  Testing 
Naterials.  
best  correlation with ex is t ing  standard was obtainedwhenthe crucible was used with- 
out a cover. 

Experimentation with various covers on the  crucible revealed tha t  the 

The Church-Elask method of d i s t i l l a t i o n  that  has been adopted as the standard 
method for creosote characterization by the  American Wood-Pres g y s '  Association 
(AWPA)3) and the k r i c a n  Society for  Testing Miterials (ASTM) 
vaporization method because there  is no attempt a t  rect i fying the vapors. 
difference i n  the resu l t s  obtained by these two methods is  caused by the  difference 
i n  methods of masuring the temperature and weighing the distillate. 
f lask  method measures the  temperature a t  a point s l i gh t ly  above the  l iqu id  surface, 
but t he  d i s t i l l a t e  is  not weighed u n t i l  it has been collected in a f lask  a t  the end 
of a side-arm condenser, a distance of 52 t o  55 centimeters. 
distill&e collected a t  the end of  the condenser I s ,  therefore, comiderably lees  
than the weight loss o f  the sample. 
condensate held up in  t h e  f lask  and in the condenser. 
larly great during the ea r ly  portion of the d i s t i l l a t i on .  The thermobalance, hovever, 
weighs the residue the ins tan t  t h e  vapor leaves the  surface of the sample in the 
crucible. The vapor loss, which is the  difference in weight between the  weight of the 
or ig ina l  sample and the  weight of  the residue, is plot ted against a continuous record 
of temperature. 
near ly  t o  a t rue measure of evaporation. 
d i s t i l l a t i o n  pattern obtained by high-reflux d i s t i l l a t i o n  a re  not recorded by t he  
thermobalance because there  is no rec t i f ica t ion  of  vapors, and the  temperature I s  
driven upward a t  a constant rate. 

is basical ly  a 
The major 

The Cimch- 

The w e i g h t  of the 

The discrepancy i s  the  amount of vapor and 
The discrepancy is particu- 

The thermobalance resu l t s  a re  not retarded and correspond more 
Plateaus or  f lats t h a t  are  obeerved i n  the 

Experience has sham t h a t  for re l iab le  resu l t s  the sensi t ive thermobalance 
should be placed on an is land site, preferably on a concrete floor, away from heat 
of d i rec t  sunlight, dampness, draf ts  and changes i n  temerature .  There was a l so  an 
indication t h a t  barometric preseure affected the resu l t s .  Althdugh t h i s  influence 
was not evaluated, it was believed tha t  any adjustment Qf r e su l t s  would be ins igni f i -  
cant re la t ive  t o  the in te rpre ta t ion  o f t h e  data. 

Developing the Procedure 

The first step in developing a procedure was t o  determine the reproducibil i ty 
of r e su l t s  with the thermobalance. 
made using repl icate  0.5 gram samples o f  one creosote (Figure 2) .  The range of 
values show an acceptable l e v e l  of reproducibil i ty.  Vaporization pat terns  made 
during any one day agreed mre clobely than repl icate  runs made on successive bye.  
We believe that changes in barometric pressure, ambient temperature, and localized 
drafts account for a Large part of t h e  var ia t ion encountered. 

To do th i s ,  seven vaporization pat terns  were 

The next step was t o  cor re la te  the r e su l t s  obtained by we of the  thermobalame 
wlth ptterm obtained by uBe of 9 church flask and by use o f  8 Snyder 5-bU 
diet iLlat ion column. 
is rapid and because it ie used by some researchers i n  the  f ield of wood preser- 
vatlon. 
Preservers' Association. The s imi l a r i t i e s  and differences between the  results of 
these methods are shown in Figure 3.  

D i s t i l l a t i o n  through a f ive-bal l  column w a B  chosen because it 

The Church-flask method is t he  accepted standard of the  American Uood- 

The thermobalance results are observed t o  
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fa l l  between those of the other two methods. The data show t h a t  the differences 
between the resu l t s  of the L?lurch-flask method and thermobalance method are  due 
primarily t o  the lag observed in  the use of t h e  Church- f lask.  
the resu l t s  of the five-ball  column and thermobalance methods a r e  a t t r ibu ted  to  
the rapid ra te  of temperature rise (6  C per minute), which does not perndt enough 
time for  the low-boiling materials within the l iqu id  t o  diffuse t o  the surface. 
appears tha t  the differences a l l  occur below about 300 C, and a l l  three methods 
agree reasonably well  above t h i s  point. 

J 
Differences between 

It 

The f i n a l  s tep w a s  t o  determine the a b i l i t y  of the thermobalance t o  detect 
differences in  creosote composition. 
vaporization patterns o f  a fresh creosote and d i s t i l l a t i o n  residues from the same 
creosote a f t e r  d i s t i l l a t e s  t o  temperatures of 210, 235, 270, and 315 C had been 
removed with a f ive-bal l  column (Figure 4 ) .  
of removing the low-boiling fractions of creosote. It was reasonable t o  expect 
tha t  the e f fec ts  of any process changing the composition of the creosote could be 
determined by comparing vaporization patterns.  Therefore, the thermobalance vapori- 
zation pattern of the chemically changed creosote was superimposed on a similar 
f igure made with a sample of the or iginal  creosote. In addition, the thermobalance 
vaporization pat tern provided more information than the Church or f ive-bal l  column 
d i s t i l l a t i o n  methods because a higher temperature was obtained with the  thermobalance. 

Application of the Mthod 

This was done by preparing thermobalance 

This figure c lear ly  showB the e f fec ts  

To t e s t  the method on actual  extracts  from creosoted wood, a number of 3/4- by 
3/4- by 30-inch stakes were withdrawn from f i e l d  exposure p lo ts .  These stakes had 
been impregnated with a var ie ty  of creosotes and then exposed outdoors for  periods 
of f ive  and ten years, respectively. Each s take was sawn in sections as  shown i n  
Figure 5 so  that indications of changes In the composition of creosote re la t ive t o  
i t s  posit ion within the stake could be obtained. These sections were shaved f id i -  
vidually into f ine  chips. 
with aromatic solvents. 
l a t ion  under reduced pressure. 

The residual creosote i n  each l o t  of chips was extracted 
The solvents were then stripped from each extract  by distil- 

These samples of residual creosote were characterized by vaporization on the  
thermobalance, and the r e s u l t s  were graphed. To interpret  these graphs, the vaporiza- 
t ion  patterns were compared with pat terns  of the or iginal  creosotes and with pat terns  
of creosote residues boiling above selected temperatures. 

The thermobalance vaporization patterns for the residual creosotes, Figures 6 
and 7, from a stake tha t  had been i n  f i e l d  t e s t  for  ten years show t h a t  considerable 
losses of the more vola t i le  compounds have occurred from a l l  sections of the stake. 
It is noteworthy tha t  the vaporization patterns for a l l  sections f a l l  closely t o  the 
vaporization curve obtained from creosote residue boiling above 315 C .  
among these curves indicates tha t  much o f  the  creosote boiling uq t o  315 C has been 
l o s t .  This loss i s  known t o  occur by means of evaporation and migration. I f  the  
loss were solely by unhindered evaporation, the curves of the-extract  and of the 
control should be very close t o  each other. If downward migration of residual 
creosote occurs, then a concentration of high-boiling material  can be expected in  
the  lower portion of the stake. 
gain i n  preservative concentration a t  the lower end of t h e  stake. mi8 concentration 
was actual ly  observed. 
res idual  creosote per  cubic centimeter of wood. 
tained k s s  than 0.05 gram per cubic centimeter. 

The s imilar i ty  

\ 

Such migration can be expected t o  appear a s  a net 

Both below-ground sections retained about 0.08 gram of 
!be two sections above ground con- 

\ 

Figure 6 shows, however, t h a t  there i s  considerable d ispar i ty  between the 
vaporization curves of extracts  from Section 1 and Section 2, both taken from below 
the groundline. What then can account for the  apparent differences i n  composition of  
these extracts? W e  believe that Boon after drivhg the  test stake i n t o  t h e  ground, 
SO= of the creosote begins t o  migrate downward through the porous ce l lu la r  s t ruc ture  

\ 
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of the wood. As it moves downward, a portion of the low-bolling vola t f le  components 
are  l o s t  by evaporation from the  surface of the stake. 

*approaches the moist groundline section, the downward migration is counteracted 
by the upward movement of moisture from the s o i l  through the wick-like behavior of 
the stake. In the section of the stake j u s t  below the groundline, the net e f fec t  
of these counter movements is such 8.s t o  cause a concentrstion of creosote. This 
creosote by now is p a r t i a l l y  depleted of low-boiling vola t i le  componente, and has a 
high proportion of high-boiling r e l a t i v e l y  s table  components. This concentration 
of high-boiling material is  indicated by the re la t ive ly  low posit ion of the r i g h t  
end of the vaporization curve for the extract  from Section 2. 

When the moving creosote 

, 

If we convert the  percentages of material  boil ing above 380 C to absolute 
amunts  of t h a t  fraction remaining in t h e  wood, i t  i s  found tha t  the  quantity o f  
t h i s  f ract ion i n  Sections 3 and 4 is the  same as  was impregnated into the wood 
originally.  Below ground, in  Sections 1 and 2, the amount o f  t h i s  high-boiling 
fract ion was about twice as great a s  in the freshly impregnated stake. This increase 
can-resul t  only from chemical changes in the creosote itself. These chemical changes 
a re  believed t o  resu l t  primarily from oxidation and polymerization reactions. 

Figure 8 shows similar vaporization pat terns  for  Sections 1 and 2 of a stake 
These vaporization pat terns  l ie  tha t  had been in f i e l d  t e s t  for  only f ive  years. 

between t h e  control pat terns  f o r  residues boiling above 235 and 270 C. Comparison 
with Figure 6 indicates t h a t  evaporation of the creosote has not progressed t o  the  
extent observed in  the 10-year-old stake. Because t h e  vaporization curves closely 
p a r a l l e l  the control curves, t h e  chemical change is believed t o  be re la t ive ly  small. 

surmpery 
1. The Stanton Thermobalance can quickly and effect ively characterize amal l  (0.1 to 

1.0 gram) samples of creosote. 

The continuous vaporization pat tern produced by the thermobalance i s  similar t o  
t h a t  o f  both the Chizch-flask d i s t i l l a t i o n  (adopted by the hWA and ASTM) and 
d i s t i l l a t i o n  through a f ive-bal l  column. The record of weight loss resul t ing 
from vaporization on the  thermobalance is not retarded, as it is in 8 3 u r c h  
d i s t i l l a t i o n ,  and thus is  closer  t o  a t rue  measure of evaporation. 

A method has been developed f o r  estimating the extent of l0SSeS of creosote 
through evaporation. 

A method has been developed for estimating the re la t ive  extent of chemical 
modifications that  iave occurred in wood in service during weathering. 

Katural factors tha t  a r e  conducive t o  chemical modification of creosote appear 
t o  have the i r  greatest  e f f e c t  a t  the  ground l ine .  

2. 

3. 

4. 

5.  

1 

! 

0 
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P L I  CLYT V&PORIZIWG 

Figure 1. 'Be Stanton Thermobalance. 

PER CENT VAPORIZING 

TEMPERATURE. d q n o  C 

Figure 3. Characteristics of a Creosote 
Analyzed by Three Different 
Methods. 

Figure 2. Range of R e s d t ~  From 
Seven Replicate Runs in 
Thermobalance. 

t 
PER SEW1 VAPORIZING 

Figure 4. Vaporfiation patterns From 
Whole Creosote and Four of 
Its Distillation Fractions. 



Figure 5 .  Pos i t im  of Sec t ims  Cut 
From 3/4-Inch Square Stake 
for Extraction of Residual 
Creosote. 

PER E N T  VAPORIZING 

TEYPEUbNRC, rOnr C 

Figure 7. Changes in Creosote Resulting 
From Ten Years hrposure in 
Wood Above Ground. 
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Figure 6 .  Changes in Creosote 
Resulting From Ten Years 
Exposure in Wood Below 
Ground. 

PER CENT VAWRIZIND 

, I 1 , ,  # i  
o , p o ~ u o u x ,  TEMPERATURE. rP- C 

Figure 8. changes in Creosote 
Resulting F m m  Five Years 
Exposure jn Wood Below Ground. 



i A RE-INVESTIGATION OF DENSSIMETRIC MZTHODS OF RING ANALYSIS 

Teh EU Yen, J. Gordon Erdman, and William E. Hanson 

Mellon I n s t i t u t e  
Pittsburgh 13, p e n n ~ y i ~ ~ ~ i a  

For many years the chemist has sought a method whereby the average s t ruc-  
tural character of the molecules in a complex mixture might be determined. 
general,two types o-f mixtures have received most attention. One has consisted of 
mixtures of compounds comprising a r e l a t ive ly  narrow molecular weight range and 
where the average molecular weight could be obtained; examples are  narrow boiling 
cuts from petroleum. The second has consisted of very complex systems, such as 
coals, where molecular weight could not be determined, and, indeed, where the con- 
cept of molecular weight might not be applicable. 

In 

Present studies in t h i s  laboratory have as the i r  objective c l a r i f i ca t ion  
of the structure of the asphaltic, non-hydrocarbon constituents of crude o i l  and 
of the presumably similar,  but higher molecular weight, black, insoluble organic 
fraction of ancient sedimentary rocks. 
analysis, these substances represent a s i tuat ion somewhere between tha t  of a low 
molecular weight hydrocarbon mixture and the macromolecular structure of coals. 

\ From the point of view of s t ructural  type 

1 

I The development of procedures applicable t o  mixtures of known low 
i molecular weight and t o  coals has taken place co c rently,  m y  investigators 

contributing. Vlugter, Waterman, and van Westen P L Y  were among the f i r s t  t o  apply 

o i l s .  Using refract ive i d x, density, and elementary ana y i s ,  van KrevelenT3e, 

' 

a syst  m of ring analysis t o  complex hydrocarbon mixtures. 
Westen?') continued the study, developing the n-d-M method primarily for  petr 1 um 

van Krevelen and Chemin T47, and van Krevelen and Schuyert5f developed a somewhat 
similar method of s t a t i s t i c a l  analysis, applicable t 
where molecular weight could not be obtained. and Montgomery and Boyd(7) 
elaborated on both methods t o  obtain further s t ructural  parameters, tes t ing the 
methods using data fo r  a var ie ty  of pure hydrocarbon compounds as recorded by the 
American Petroleum Ins t i t u t e  Research Project 42. 
with respect t o  paraffins and naphthenes, but discrepancies were o served for the 
aromatics, par t icular ly  those consisting of fused rings. Dryden('?, working with 
coals, compared s t ruc tu ra l  information derived from x-ray, nuclear magnetic 
resonance, and infrared data with comparable information calculated from the 
densimetric method of van Krevelen and found tha t  agreement usually was poor. 

van Nes and van 

, 
) 

I 
oals and other substances 

Good agreement was obtained 

', 

Since the non-hydrocarbon constituents of the asphaltic fraction of crude 
o i l s  and the insoluble organic residues obtained from ancient sediments, as well 
as of refinery asphalts, a r e  believed t o  contain both al iphat ic  and aromatic fused 
r ing groups, a re-investigation of the densimetric methods of r ing  analysis was 
considered ju s t i f i ed .  

1) J. Inst .  Petrol .  Tech., g, 735 (1932); Ibid., 21, 661 (1935). 
t2 )  "Aspect of the Constitution of Mineral O i l s , "  EEevier,  New York, 1951. 
(3) Wenn. Chem. , 34, 167 (1953). 
(4) Fuel, 2, 79 (1954). 
(5) "coal. Science, " Elsevier, New York, 1957. 
( 6 )  Ohio State 'Univ. Bull., 152, 1 (1953). 
(7) Anal. Chem., 31, 1290 (1959). 
(8) Fuel, 3'J, 444719581. 
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For mixed aliphatic-aromatic compounds or mixtures thereof where the 
molecular weight could be determined, the following equations have been proposed 
by van Krevelen: 

M = molecular weight of the compound or  mixture, 
p = the density, 
n P t h e  number of the  5 th at@c species, 

Vi = Traube's atomic volumes, 

4 = molar volume contraction, 

vR E 
R = number of rings. 

i 

molar volume contraction per ring, 

For a l ipha t ic  compounds or mixtures, % i s  approximately zero. 

To cope with substances such as  coal where molecular weight is very high or 
cannot be determined, the equation was converted t o  the form: 

where $C is  the  per cent carbon obtained by elementary analysis and C is the number 
of carbon atoms in the  s t ruc tu ra l  uni t .  

To calculate the average number of r s per molecule, R, from equations 
(1) and (2) or the number of carbons per ring, R, from equation ( 3 ) ,  it i s  
necessary t o  evaluate V . Using three reference substances, namely, cel lulose 
where R = 0, polystyreng where R m 1, and graphite where R = - van Krevelen and 
Chermin derived the empirical re la t ion:  

H VR - 9.1 - 3.6 - (4) C 
where H i s  the number of hydrogen atoms. 

Relations (1) and ( 3 )  thus become: 
M 9.9C+ 3.1 H + ... - - 
P 

H 9.1 - 3.6 E 

H 9.1 - 3.6 = 

R =  ( 5 )  

and 

F +  ... - = 
%L'P 

Equation (6) was used -to calculate  the number of carbons per ring f o r  a native 
asphaltene prepared in  t h i s  lab  r tory from a Lagunillas crude o i l  and for two 
carbon blacks studied by K u r 0 d a ~ ~ 7 .  In Table I, Part A, the values obtained 
(underlined) are  compared with values derived from infrared, nuclear magnetic 
resonance, and x-ray data. The numerical r e su l t s  indicate tha t  the  values of 
C/R calculated by means of equation (6) are  too low. 
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Testing of equation ( 5 )  with compounds of known structure  indicated tha t  

the expression for VR, equation ( b ) ,  probably was in er ror .  
was empirical and disputable was recognized, of course, by van Krevelen. 
than being a function of H/C, VR appeared t o  be a constant for  systems comprising 
three o r  more fused rings. 
an attempt has been made t o  derive from basic assumptions an expression for  VR. 

That t h i s  relationship 
Rather 

To t e s t  the theoret ical  implications of t h i s  conclusion, 

In order to t r e a t  the problem of a condensed ring aromatic system, i.e., 
of a hexagonal network in two dimensions, it is necessary to  assume some sor t  of 
model. A number of models are  possible, e.g., a c i rc le ,  exemplified by coronene; 
a square, by anthrodianthrene; a t r iangle ,  by perinaphthindene; and a rectangle, 
by perylene. For a l l  these models, however, the number of rings can be expressed 
as  a function of the number of aromatic carbon atoms and the number of aromatic 
hydrogen atoms by the equation: 

where : 

(8) 

'A - 'A 
2 R = 1+ 

In the l a t t e r  equation the values of p and q vary 
possible models, the rectangular was selected fo r  
for  VR. 

with the model. Of the various 
development of  an expression 

ff an aromatic c lus t e r  is designated as [m,n] acccrding t o  the method of 
Coulson(lo where ,m denotes the number of biphenyl type rings, i .e . ,  along the x 
axis, and; the number of naphthalene type rings, i . e . ,  along the y axis, then: 

( 9) HA = 2(2m + n) 

( 10) CA - 2m(2n +1) 

and the number or rings as: 

(11) R - & n - m - n + l  

Now, eolving equation (11) in terms of HA and CA, equation (7) i s  obtained. 
Since long chains of condensed aromatic rings are  seldom encountered in stable  
molecules , the simplified approximation is made tha t :  

(12) m e n  

(13) HA xA ' I2  - 312 

Now, H can be expreseed in terms of C and a f t e r  simplifying, A A 

If the general equation (1) 2 applied t o  an arcmatic c lus te r  and the terms transposed, 

( la)  4 - & 'iVi - M/PA 

niVi and the value of Mt 

-1 
z Bubefltutlng Trsube's values for 

(15) % 9*9C, + 3*mA - ( 1 2 ~  + H*)PA 

tlol "proceedings of the Conference on Carbon," held a t  the University of Buffalo, 
Qmposium Publication Division, Pergawn Press , New York , 1958. 
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To proceed further, it is necessary t o  evaluate p~ in terms of CA. 
been achieved through the following derivation - 

This s tep has 

In  the case of a two-dimensional hexagonal net the area of the 
equi la teral  t r iangle  formed by joining the centers of three 
adjacent rings can be expressed as: 

(16) A = fl - a y b  

If  the net i s  comprised of aromatic carbon atoms, 2 is  the bond 
distance and Athe  area occupied by one carbon atom. 
consisting of uniformly stacked sheets, the minimum inter layer  
distance i s  3.34 1 and hence the maximum density, 2.28 g./cm.3. 

For a system 

Now it can be seen from Figure 1 that for aromatic hydrocarbons the 
denstty can be r e l a t ed  t o  the. number of carbon atoms by means of 
the equation: 

b 2.28 (17) 
-. -1 = .  a cA . 

0 

Although t h i s  equation is considered empirical a t  present, there appears 
t o  be theoretical  evidence t o  support it. The plotted points in the 
figure represent nine aromatic hydrocarbons of known structure and 
the two carbon blacks c i t ed  in Table I, Part  A. From the resul t ing 
s t ra ight  l ine,  the intercept,  a, and the slope, b, can be evaluated 
as follows: 

a = 3.15 
b = -0.5 

and equation' (17) becomes: 

With an expression for pA in terms of CA, it i s  possible t o  continue 
development of the relat ionship expressed by equation (15) .  
valu s o f  HA for equation (13) and pA from equation [18), and dropping the smell 
CA-lT2 term, equation (15) becomes: 

Substi tuting the 

(19) % = 4.6 -8.6 cA 1/2 -8.1 

The f ina l  objective is t o  eliminate CA by combining equation (19) with 
equation (14) and t o  suhst i tute  the resul t ing value of Q in the general equation 
(1). Owing t o  the form of equations (19) and (14), a general solution fo r  
in terms of R is d i f f i cu l t .  
in Figure 2 by subst i tut ing a r b i t r a r y  values of CA into the equations and solving 
for R and KM. 
aromatic hydrocarbons. 
values of R but t o  became s l i g h t l y  concave upward a t  low R and does not quite pass 
through the origin. 
of course, are not consistent with condition t h a t  I$ must be zero at R equal t o  
zero. 
made. 

Accordingly, the operation was accomplished graphically 

The plotted points represent actual  values for ten polynuclear 
The curve w i l l  be seen t o  be a s t r a igh t  l i n e  at large 

The slight curvature and f a i lu re  t o  pass through the origin, 

This is merely the r e s u l t  of t he  SimplifyFng approximations that  have been 

The foregoing derivation shows t ha t  the assum$tion of V equal t o  a 
constant i s  ent i re ly  reasonable. 
necessary only t o  replace the derived curve by i t s  l imit ing slope. 

To obtain the.value of the  consknt ,  it i s  
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Hence : 

\ 

\ 

\ 

9.2 5 4  (20) VR L - E 

R 

Similar derivations based on the ci rcular ,  square, an- t r iangular  models 
lead to  equations f o r  HA d i f fe r ing  only s l igh t ly  from tha t  f o r  the rectangular 
model, equation ( l3 ) ,  as follows: 

(21) round 

HA = 2.82 Ci’2  - 2 

As cen be seen, a l l  these equations yield curves closely approximating tha t  shown 
in  Figure 2 for the rectaugular model, thus confirming the general i ty  of the con- 
clusion tha t  VR should be a constant. Whatever the model chosen, the numerical 
value of the constant i s  the same. 

On the basis  of the above resul ts ,  it i s  proposed tha t  the following 
equations be used fo r  substances containing condensed r ing systems:, 

M (24) R - 0.11 (9.9 C + 3.1 H + .... - -) 
P 

where molecular weight can be determined and by: 

(25) 2 I 9.2 
1200 

-Bc.p 9.9 + 3.1 H/C + . . . R 

for  substances where molecular weight cannot be determined. 

In  Table I, Part By are  presented new values of C/R for  the petroleum 
asphaltene and carbon blacks, c i ted  in Table I, Part A, t h i s  time calculated by 
means of equation (25). 
in be t te r  agreement with the values derived from infrared, nuclear magnetic 
resonance, and x-ray than the values calculated by means of van Krevelen’s 
equation (6). 

Referring t o  Par t  A, it w i l l  be seen tha t  the values a re  

In Table I, Part  C, the values of C/R calculated by the two a l te rna te  
methods are l i s t e d  fo r  the above asphaltene and for  two others  prepared from 
crude oils of widely d i f fe ren t  geographic origin. 
elementary analysis are  provided for comparison. 
values of C/R computed by the method of van Krevelen and Chemin and by the 
modified method derived in t h i s  paper deviate not only in absolute value but 
a l so  in trend. 
calculated by the modified method do not vary as much with density and elementary 
analysis as do the values obtained by means of the van Krevelen equation, nor i s  
there a d i rec t  correlat ion with density or the percentage of any single  element. 

Values of density and 
It w i l l  be seen tha t  the 

Further, it is  interest ing t o  note tha t  the  values of C/R 

In Tables I1 and 111, equation (24) has been used t o  calculate  values of 
R for  a variety of compounds of known structure, using density values from the 
l i t e r a tu re  and values of Cy  H, etc.,  from the formulas. The compounds in Table I1 
are usubs t i t u t ed  aromatic hydrocarbons containing condensed r ing  systems. The 
compounds in Table I11 inmanyinstances contain hetero elements and range from 



al iphat ic  t o  cyclic systems containing substituted saturated and aromatic ring 
systems. 
by the formulas is  evident. 
be dependable when applied * to  complex substances such a s  asphaltic fractions of 
crude o i l s  and the black insoluble organic fraction of ancient sedimentary 
rocks. 

The good agreement between the  calculated R values and those indicated 
It is concluded, therefore, that equation (25) w i l l  
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I 
Table I 

Values of C/R for 
A Native Petroleum Asphaltene and !No Commercial Carbon Blacks 

Par t  A 
Comparison of the 

with 
Values Calculated by Means of the van Krevelen and Chermh Equation (6) 

Values Obtained from Other Physical Measurements 
C/R 

(Lagunillas) C-H s t re tch ing  5.7 

resonance ' 5.5 
x-ray' ( 7 )  and (002) bands 5.9 

analysis1 Chermin) Equation (6) 3.5 
Royal Spectra x-ray2 (10) band 2.9" 

from X-ray L values' Equation (6) 2.1 
(10) band 2.65 

Substance Data From Method Calculated 
Asphaltene infrared spectroscopy' absorbance of the 

nuclear magnetic proton type area 

x-ray'  (10) and (11) bands 4.2 
density-elementary densimetric (van Krevelen and 

density - H/C approximated densimetric 

2 8 Statex B x-ray 
density - H/C approximated densimetric 

2.1 - from x - r a y  L values2 Equation (6) a 

Par t  B 
Values Calculated by Means of -on (25) Derived by the Authors 

Substance Data From C/R .Calculated 
Asphaltene (Lagunillas) density-elementary analysis  6.2 
Royal Spectra 

Statex B 

density - H/C approximated from 

density - E/C approximated from 
x-ray L~ values 2.5 

x-ray L~ values2 2.3 

Par t  c 
Density, Elementary Analysis, and Values of C/R for Three Asphaltenes 

Prepared from Crude Oils of Widely Different Geographic G i g i n  

\ I  

Field 
Lagunillas 

Wafra 

Baxtenril le 

- 
H e l i u m  Elementary Analysis Per C/R Calculated by 
Density Cent Means of Equation 

Venezuela 1.158 84.2 7.9 1.6 2.0 4.8 3.46 6.24 

C H W N S  P - ---- kL Locat ion 
Western 

Neutral Ter r i to ry  
(Middle Eas t )  1.164 81.8 8.1 1.5 1.0 7.8 3.14 5-90 
Miss is s i p  p i  
U.S.A. 1.172 84.5 7.4 1.7 0.8 5.6 3.62 6.19 

1 Measurements made i n  t h i s  laboratory. 
2 Taken from the work of Kuroda, E. , J. Colloid S c i .  , 12, 496 (1957). 
3 Calculated assuming a l l  the carbons are contained inT condensed aromatic sheet. 

* Direct determinations 
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Table 11 
Calculation of R for 

Compounds Consisting of Condensed Aromatic Ring Systems 

Molecular Rings per Molecule, R 
Weight Density Theoretical Calculated 3y 

Compound Formula M % From Formula Eqat ion (24) 
naphthalene C ioHa 128 .+ 12.7 2 1.4 

1.25l 27.2 3 3.0 
178 1.20T2 21.7 4+ 2.4 

anthracene C l Q H l O  
166 
228 1.302' 40.3 4 4.4 
228 1.274l 5 . 2  4 4.0 

tr iphenylene C l e H 1 2  
chrysene C l e H l 2  
perylene C20H12 252 1.35' 48.5 5 5.3  
anthanthrene C22H12 276 1 . 3 9  56.4 6 6.2 
coronene c24H12 300 1.3n4 57.0 7 6.3 

10 10.0 Zg5 1E7 13 13.1 
ovalene c32E14 398 
circumanthracene C40H16 496 

fluorene C l J H l O  

3 Contains one five-membered ring. 
1. 

2. Lange, N.L., "Handbook of Chemistry," 9th Ed., Handbook Publishers, 

3. 
4. 
5. 
6. 

"The Merck Index of Chemicals and Drugs," 6th Ed., Merck and Co., Inc., 
Rahway, Hew Jersey, 1952. 

Sandusky, Ohio, 1956. 
J. G. White, J. Chem. SOC., 1948, 1398. 
J. M. Robertson and J. G. White, Nature, 154, 605 (1944). 
D. M. Donaldson and J. M. Robertson, Pr0c.o~. Soc., p220, 157 (1953). 
E. C l a r ,  e t  al.,J. Chem. Soc., *, 3876. 

Table I11 
. Calculation of R for  

Compounds of Varying Structure and Elementary Composition 
Molecular Rings per Molecule 

Weight Density Theoretical Calculated by 
Formula M From Formula Equation (24) 
C4H806 150 0 0 

Compound 
d-tartaric acid 
hexachloroethane c2c16 237 2.09" 0 0 

anthraquinone C14H809  208 1.43" 3 2.8 

2.8 papaverine C2oH2iN04 339 1. 3374 3 

laudanine CaoH25N04 243 1.26" 3 2.1 

strychnine C21H22N202 334 1. 35g4 5 4.5 

borneol CioHieO 154 1.011' 1 0.7 
p-hydroxybenzoic acid C7%% 138 1.46' 1 0.5 

a- naphthylphenylme thane C 7H1 218 1.1653 3 2.7 

f )  rosin C20H2902 302 1.095' 3 2.5 

a-proge s terone C21H3002 314 1.166" 4 4.2 
20-me thylcholanthrene C21H16 268 1.28" 5 4.2 

-'s Chemists' Pocket Book," 20th Ed.,E.and F.N.Spon.,Ltd.,London,1948. 
2. "The Mer& Index of Chemicals andbugs," 6th Ed.,Merck and Co., Inc., Rahway, 

New Jersey, 1952. 
3. Egloff,G. ,"Physical Constants of Hydrocarbons, " Vol.4,Reinhold Publishing Corp., 

New York, 1947. 
4. Hodgman, C. D., e t  al., "Handbook of Chemistry and Physics," 41st Ed., 

Chemical Rubber Publishing Company, Cleveland, 1959. 
5. Simonds, H. R., e t  al., "Handbook of Plastics," 2nd Ed., D. Van Nostrand Company, 

Inc., New York, 1949. 
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Figure 1 

Relation of Density to  Aromatic Carbon Number 
(1) Benzene (2) naphthalene (3) hthracene (4) Pyrene 
(5) Triphenylene (6) Anthanthrene (7) Coronene (8) Ovalene 
(91 5 g j t h r a c e n e  (10) ROW Spectra (11) statex B . ~ - I I I [ I l l 1  I I I 1 -  - - - 0 Actual values of R and 5 calculated from - 

50 - - M and experimental values of 0 .  

- From solution of equations (14) and 
(19) for arbi t rary values of CA. 

- --Empirical s t ra ight  l ine relat ion 
R = 0.11 (eq. 20). 
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Relation of Molar Volume Contraction and R i n g  Number 

(1) Naphthalene (2) Anthracene (3)  Fluorene 
(4) Chrysene (5) Triphenylene ( 6 )  Perylene 
(7) hthanthrene (8) Coronene ( 9 )  malene 

(io) Circumanthracene 

i 

L 

\ 

, 



Introduction 

CATALYTIC STJWl REF-G OF LIGHT =QUID HYDROCARBONS 

J. C.  Yarze and T. E. Lackerbie 

The M. W. Kellogg Ccrmpany 

Jersey City, New Jersey 
Research and Developnent Departanent 

I n  t he  chemical process industry, ca ta ly t ic  steam-hydrocarbon reforming of natu- 
ral gas or propane is widely employed t o  produce ammonia synthesis gas, high-purity 
hydrogen, and hydrogen-carbon monoxide mixtures for chemical synthesis. Currently, 
synthetic ammonia plants based on natural  gas reforming account f o r  70-80 per cent of 
all ammonia produced in the  United States ,  and a la rge  percentage of domestic synthetic 
methanol production is derived from steam-hydrocarbon reforming. 

< 

The manufactured gas industry also employs steam-hydrocarbon reforming in the  
Several continuous reforming units employing natu- production of low-Btu c a r r i e r  gas. 

ral gas o r  propane feedstocks and steem-air oxidizing m i x t u r e s  have been b u i l t  in the 
United States.  In a typica l  application, c a r r i e r  gas and natural  gas are  blended t o  
provide a mixture with t h e  heating value, specif ic  gravity,  and hydrogen content re- 
quired f o r  sat isfactory performance in customers' appliances. I n  Europe and Asia, 
c a r r i e r  gas from steam-hydrocarbon reforming is commonly enriched with l igh t  hydro- 
carbons and diluted with i n e r t s  t o  about 0.5 specif ic  gravity and 400-500 Btu higher 
heating value. 
oven-carburetzed water gas mixtures. 

The resul t ing m i x t u r e  i s  used as a supplement or replacement for  coke 

Steam-natural gas or  steam-propane reforming techniques employed i n  producing 
ammonia synthesis gas, Fischer-Tropsch synthesis gss , hydroBen , and c a r r i e r  gas have 
been described elsewhere /2,3,4,5 ,a/. 
al fired-tube reforming furnaces, cer ta in  similarities are apparent*. Feedstocks re- 
quire careful desulfurization p r i o r  t o  conversion if temporary poisoning of nickel 
reforming catalyst  and shutdowns for catalyst  regeneration are  t o  be avoided. 
the  catalyst  tubes, conversion of the  or iginal  steam-hydrocarbon m i x t u r e  occurs v ia  
highly endothermic chemical reactions yielding a product containing hydrogen , carbon 
monoxide, carbon dioxide, and s m a l l  amounts of methane. 
reformer is practiced, nitrogen becomes an additional component of t h e  product. 
the tube out le t ,  where gas temperatures of 1550v may be obtained, product dis t r ibu-  
tion i s  l a rge ly  governed by equilibrium considerations. 

In these and other applications of convention- 

Within 

When inject ion of air t o  the 
A t  

The water gas s h i f t  reaction 

%O + CO e H2 + COS (1) 

H20 + CH4 3E2 + CO (2) 

is found t o  be a t  equilibrium in reformer eff luent ,  while the steam-methane reaction 

attains a close approach t o  equilibrium. / 

Deposition of carbon on ca ta lys t  located near the  tube inlet can be an opera- 
Avoidance of carbon deposition is required t i o n a l  problem in fired-tube reformers. 

t o  ensure long period3 of continuous operation and prevent severe ca ta lys t  spal-  
ling. Freedom from carbon deposition is obtained by employing active catalysts  
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a t  4igh temperatures, and by using more than stoichiometric quant i t ies  of steam. 
Relative amounts of steam and hydrocarbon i n  the or ig ina l  mixture a re  conveniently 
specified by the steam-carbon ra t io ,  moles steam per feedstock carbon atom. Se- 
lect ion of the optbum steam-carbon r a t i o  i s  an important function of reformer 
design. 
resul t ing lo s t  production. 
carbon r a t i o  a l so  r e su l t s  in  highmanufacturing costs ,  since both investment and 
operating costs  increase with increasing steam-carbon rat io .  

Suff ic ient  excess steam must be employed t o  prevent cost ly  shutdowns and 
However, a plant designed for an excessively high steam- 

Although continued gruwth of reforming capacity based on na tura l  gas and 
propane feedstocks i s  predicted, an increased in t e re s t  in  Uti l iz ing heavier feed- 
stocks has recently been indicated. 
ploratory reforming t e s t s  on l igh t  l iquid hydrocarbons a re  described and related t o  
the known behavior of natura l  gas and propane. 
t o  the economically important steam-carbon r a t i o  variable. 

P i lo t  Plant Experbents 

In  this paper, resu l t s  of p i l o t  plant  and ex- 

Par t icular  consideration i s  given 

A. Apparatus and Methods 

A ver t ica l ly  mounted 1-inch,reformer heated by a conventional e l ec t r i ca l  
resistance furnace was used fo r  screening of variables and determination of opera- 
b i l i t y  l imi t s  a t  20-125 psig reforming pressure. 
inch length of 1-inch Inconel pipe. A catalyst  supporttray a t  the tube out le t  and 
an a x i a l  themawell extending the length of the reactor  were provided. 
t o  the upper or i n l e t  end was a 2-inch welding-neck flange. The inner diameter of 
the flange provided surface for f a l l i n g - f i b  evaporation of water, and the annulus 
formed by the inner diameter of the flange and the outer diameter of the t u b e  a f -  
forded volume for hydrocarbon vaporization and mixing of vaporized water and hydro- 
carbon. A preheater assembly, 28 inches of 316 s ta in less  s t e e l  bar stock welded 
t o  a 2-inch blind flange, f i t t e d  snugly in to  the reactor, with 0.003 inches r ad ia l  
clearance. The flange and bar stock were suitably tapped for i n l e t  connections and 
the a x i a l  themowell, and the bar stock was threaded to  provide heat t ransfer  area. 
A s ta in less  steel r ing  closure was employed. 

tanks with nitrogen. 
sponding t o  pressure drops across hypodermic needle or i f ices .  Water and hydrocar- 
bon metered t o  the reactor i n l e t  were vaporized i n  the falling-film evaporator sec- 
t ion  of the reactor, preheated by downward passage through the preheater sp i ra l ,  
and contacted with catalyst .  Furnace windings opposite the vaporization, preheat, 
and reaction sections of the reactor were automatically controlled. Reaction pro- 
ducts were cooled by ind i rec t  exchange, and unreacted water separated. Product 
gases flawed through a beck-pressure regulator maintaining uni t  pressure t o  a 
wet-test meter, sampling menifold, and vent. Periodic samples were analyzed by 
mass spectrometer. 
by a d i f fe ren t ia l  pressure c e l l  u i th  a range of 0-100 Inches of water. 

The reactor  consisted of a 57-3/4 

Attached 

Catalyst bed depth was 30 inches. 

In  operation, water and hydrocarbon were pressured from cal ibrated feed 
Flow r a t e s  were controlled by small air-operated valves re- 

. 

Pressure drop across the ca ta lys t  bed was continuously measured 

In a l l  experlmental studies made i n  the 1-inch uni t ,  1/8 inch extrusions 
of commercial steam-hydrocarbon reforming catalyat  were u t i l i zed  t o  maintain a 
reasonable re la t fanship between reactor diameter and ca ta lys t  size. 
ca ta lys t  employed was a pre-shrunk preparation which contains 20-25 per cent by 
weight nickel  (as  NiO) unifornly dis t r ibuted throughout each pe l le t .  
containing 0.49 per cent by weight sulfur, was e i the r  pretreated extensively a t  high 
temperature u i t h  a steam-hydrogen mixture, or used i n  extended reforming rune a t  
high steam-carbon ra t ios ,  u n t i l  the catalyst  sulfur  content was reduced t o  0.003- 
0,005 per cent by weight. Extensive Pretreatment was mandatory, since unrellable 
r e su l t s  were obtained with ca ta lys t s  containing a s  l i t t l e  a8 0.01 per cent by 
weight sulfur. 

The par t icu lar  

Fresh ca ta lys t ,  



Feedstocks employed were of 9% mole per cent puri ty ,  containing a maxi- 
Catalysts discharged a f t e r  extended mum of 5 parts per million sulfur by weight 

contact with feedstocks containing 5 par ts  per million sulfur  uniformly analyzed 
0.003-0.005 per cent by weight sulfur ,  indicating that  the sulfur  content of the 
ca ta lys t  was substantially constant during t e s t  periods. 

After catalyst  pretreatment, feedstocks were reformed i n  a se r ies  of 12 
or 24 hour experiments conducted a t  progressively lower steam-carbon rat ios .  
Testing was continued u n t i l  an Increase i n  reactor  pressure drop was indicated by 
the d i f f e ren t i a l  pressure c e l l .  A measurable increase i n  pressure drop was taken 
a s  evidence of carbon formation i n  the ca ta lys t  bed a t  the par t icular  steam-carbon 
r a t i o  employed. 

B. Experimental Results 

For orientation, the reforming chac ter i s t ics  of 99.7 molper  cent cylinder 
propane were i n i t i a l l y  investigated,  employing the technique described above. 
Typical experimental data obtained a t  125 psig reforming pressure and substant ia l ly  
commercial temperatures and hydrocarbon space veloci t ies  a re  presented i n  Table 1. 
T e s t s  made a t  steam-carbon r a t io s  ranging f r m  3.77 t o  i .5 lwere completed with- 
out evidence of carbon deposition. A t  1.35 steam-carbon ra t io ,  catalyst  ac t iv i ty  
gradually declined during 24 hours of operation, and reactor pressure drop in- 
creased about 0.4 inches per hour. W s  behavior was interpreted a s  a r i s ing  from 
deposition of carbon on the ca ta lys t .  Additional data from t e s t s  made without 
nitrogen di luent  and a correlat ion r e b t i n g  ra te  of pressure drop increase t o  steam 
deficiency indicate that  1.50 moles of steam per carbon atom are  required for opera- 
b i l i t y  a t  125 psig when reforming propene. 

Wet product gas analyses permit calculation of apparent g a s  temperatures 
a t  the tube out le t ,  assuming t h a t  the water gas s h i f t  and steam-methane reactions 
a re  a t  equi1ibr i .a  i n  the produc3. Results of these calculations are  presented i n  
Table 1. The assumption of equilibrium for ei ther  reaction gives out le t  tempera- 
tures which a re  generally i n  reasonable agreement with the measured out le t  tempera- 
ture.  
moved from equilibrium. 
librium a t  the out le t  of the  1-inch unit  refLects the high ac t iv i ty  of 1/8-inch 
ca ta lys t  pe l l e t s  re la t ive  t o  commercial-sized pe l i e t s  uten both a re  employed a t  
the same hydrocarbon space velocity. 

I n  larger  p i lo t  plants,  the steam-methane reaction is  usually fur ther  re- 
The close approach of the steam-methane reaction t o  equi- 

A similar operabi l i ty  study was made on ASTM grade n-heptane, a represent- 
a t ive  l i gh t  l iquid hydrocarbon refo,-ming feedstock. 
a l so  presented i n  Table 1. 
tures and hydrocarbon space ve loc i t ies ,  reactor press*lre drap did not increase 
during t e s t  periods a t  3.03 steam-carbon r a t i o  and higher. A t  2.53 steam-carbon 
r a t io ,  reactor  pressure drop increased 0.4 inches per hour during 32 hours of 
steady aperation. Additional t e s t s  confirm that, a t  20 pSig, about 3.0 moles of 
steam per carbon atom are  required t o  prevent carbon deposition when reforming 
n-heptane. 

Results of these t e s t s  are  
A t  2i) psig reforming pressure and commercial tempera- 

Product gas r a t io s  and calculated out le t  temperatures obtained when re- 
f O n I I h g  n-heptane closely resemble resu l t s  obtained using propane feedstock. 
cept tha t  higher steam-carbon r a t i o s  a re  required for operabill ty,  the reforming 
charac te r i s t ics  of n-heptane appeared t o  be fundamentally similar t o  those of pro- 
pane * 

Ex- 

C. Effect of Hydrocarbon Molecular Weight on Operability 

Operability ltmits determined fo r  propane and n-heptane i n  this study a011 
tie campared with operabi l i ty  data from the l i t e r a tu re  /7/ t o  provide an estimate 
of the relationskip between hydrocarbon moLecuZar weight and minimum operable steam- 
carbon r a t i o  a t  several reforming pressures. In Figure I, published data obtained 
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i n  8 5-inch tube a t  essent ia l ly  atmospheric pressure a r e  compared with data from 
this study. 
q-telye 
increasing molecular weight a t  several  pressures, 
operability limits ranging from 1.1 steam-carbon r a t i o  f o r  na tura l  @ S  or methane 
t o  3.0 steam-carbon r a t i o  fo r  n-heptane. 

A single relationship appears t o  represent both sets of data ade- 
Required steam-carbon r a t i o  i s  shown t o  increase logarithmically with 

The r a t e  of increase is  moderate, 

While agreement between the two s e t s  of data may be pa r t ly  fortuitous, 
owing t o  differences i n  feedstock puri ty ,  ca ta lys t s ,  and operating conditions, 
addi t ional  s tudies  i n  the 1-inch p i l o t  plant tend t o  confirm the relationship 
shown i n  Figure 1. 
forming pressures ranging from 20 t o  'i25 psig a re  found t o  have no s ignif icant  ef-  
fec t  on minimum steam-carbon ra t io .  

When reforming olefin-free and sulfur-free hydrocarbons, re- 

Study of Reforming Variables i n  Glassware 

A. Apparatus end Methods 

Since p i l o t  plant  tests indicated no mafor e f fec t  of pressure on minimum 
steam-carbon r a t io s  when reforming olefin-free and s'ilfur-free hydrocarbons, the 
study of light l iquid hydrocarbon reforming was cont imed i n  glassware a t  atmos- 
pheric pressure t o  fur ther  c l a r i fy  the influence of reactor and feedstock varia- 
bles  on operability. Reactions of steam-hydrocarbon mixtures were studied over 
various commercial reforming ca ta lys t s  a t  several  temperatures and steam-carbon 
r a t io s  i n  a conventional 1-inch diameter quartz reactor Mated by an e l ec t r i ca l  re- 
sistance furnace. 
top portion of a full catalyst  charge i n  the 1-inch p i l o t  p lan t  was being studied, 
t h i s  being the c r i t i c a l  zone for carbon formation. 

A !&inch bed of ca ta lys t  was employed so  tha t ,  i n  e f fec t ,  the 

In  operation, hydrocarbon feedstock was introduced from a pressured con- 
ta iner  and vaporized. 
rotameters. A metered stream 
of vaporized feedstock, saturated t o  the desired steam-carbon r a t io ,  was preheated 
by rapid passage through an annulus formed by the inner tube wal l  and snugly f i t t e d  
quartz plug, and contacted with catalyst. 
from the reaction zone through 3-milLimeter tubing, cooled t o  condense unreacted 
steam, measured i n  e wet-test meter, and vented. Periodic product gas samples were 
withdrawn and analyzed by mass spectrometer. Feedstock conversion was varied by 
a l t e r ing  hydrocarbon space velocity a t  constant steam-carbon r a t i o  and temperature. 
A t  the completion of each t e s t ,  the ca ta lys t  c h r g e  was analyzed for  carbon by com- 
bustion and absorption of carbon dioxide. Previously c i t ed  l imitat ions on catalyst  
and feedstock sulfur contents uere observed. While the apparatus and techniqlle 
employed are  not idea l ly  suited for kinet ic  measuements, they permit very e f f i -  
c ien t  screening of variables fo r  large e f fec ts  on operabi l i ty  and product d i s t r i -  

Flow r a t e  t o  the glass  uni t  was measured by calibrated 
Steam-carbon r a t i o  was controlled by gas saturation. 

Reactor eff luent  was rapidLy removed 

but ion 

Before any reforming experiments were made, the ca ta lys t  space was f i l l e d  
with quartz chips, and steam-hydrocarbon mixtures Fassed through the unit a t  
various combinations of temperature and contact time. 
t a c t  time combinations suff'icient t o  cause thermal cracking were determined for  a l l  
feedstocks. 
precracking of feedstock could not occur, thus ensuring tha t  ca t a ly t i c  reactions 
alone were being investigated. 

I n  this way, temperature-con- 

Subsequent reforming t e s t s  were then carr ied out a t  conditions where 

In the tests t o  be described, two commercidl ca ta lys t s  were employed. . 
Catalyst A i s  an Impregnated type, contalning about 5 per cent n icke l  (as NiO) on 
ahmine. Catalyst B is  the compounded preparation previously used for  studies in  
the 1-inch p i lo t  plant. 
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B. Experimental Results 

Typical data obtained when reforming 99.7 mole per cent n-butane t o  par- 
t i a l  conversion a t  1075°F or 1275°F and 3.0 steam-carbon r a t i o  a r e  presented i n  
Table 2. 
almost en t i re ly  of conventiQnal reformed products and unreacted feedstock. Vari- 
ous o le f in ic  and paraff inic  butane decomposition products a re  present a t  l o w  con- 
centrations i n  e l l  product gas samples. 
reforming operations, is not detected in gases produced a t  low conversions of 
feedstock. These charac te r i s t ic  features  of par t i a l ly  reformed gases a re  confirmed 
by other s tudies  employing d i f f e ren t  temperatures, steam-carbon ra t ios ,  and cata- 
lysts .  

A t  a l l  conversion leve ls ,  dry product gases are  observed t o  consist 

Methane, a f i n a l  product i n  commercial 

Product r a t io s  corresponding t o  equilibrium constants for the water gas 
shift reaction 

%O + co H2 + co2 
and steam-methane reaction 

__* H20 + CHh - 3 H2 i CO 

have been calculated and are  reported i n  Table 2 .  
equilibrium constant i s  approximately 1.61. 
perimental data obtained with compounded Catalyst B show a strong dependency on 
the extent of n-butane conversion. A t  conversions below 10 per cent, the shift 
reaction is  f a r  removed from equilibrium. However, i n  the range of 10-30 per cent 
n-butane conversion, equilibrium i s  rapidly approached, while a t  still higher con- 
versians, equilibrium constants appear t o  sca t t e r  about the equilibrium value. A t  
10759, where the shift equilibrium constant is  approximately 2.85, a p a r a l l e l  
trend i s  evident from data obtained using Catalyst B. 
nated Catalyst A a t  l275??, ind ica te  a much slower approach t o  equilibrium than 
with Catalyst B. 
ca ta lys t  ac t iv i ty  for the shift reaction has not been determined. 
data i n  Table 2 indicate tha t  the water gas shift reaction rapidly proceeds tarards  
equilibrium i n  the presence of nickel  reforming catalysts .  Similar conclusione a re  
made i n  a published study on na tu ra l  gas reforming / 6 / .  

A t  l275?F, the  water gas shift 
Shi f t  constants calculated from ex- 

Data obtained with impreg- 

However, the reproducibi l i ty  of this apparent difference i n  
I n  general, a l l  

The equilibrium constant for the steam-methane reaction a t  12750F 1s 
approximately 9.5. Calculated steam-methane equilibrium constants i n  Table 2 in -  
dicate  that  the approach t o  equilibrium over both Catalysts A and B, Is very slow 
for this reaction, even a t  high n-butane conversions. 
with cammercial steam-hydrocarbon reforming resu l t s ,  where equilibrium i s  approached 
but not a t ta ined a t  much higher contact times than were employed i n  this study. 

Methane production is fur ther  analyzed i n  Table 2 a s  a f’unction of n-butane 
conversion a t  10757 or l275V and 3.0 steam-carbon rat io .  I n  Figure 2, tabulated 
mole r a t i o s  of methene produced t o  n-butane converted a re  plot ted against conver- 
eion and extrapolated towards zero conversion t o  determine if methane i s  a primary 
reaction product. As Figure 2 ,ip3lcates, methane is produced only when the conver- 
&on of n-butane exceeds about 15 per cent. The relat ionship obtained appears t o  
be essent ia l ly  independent of ca ta lys t  type or temperature. Thus,.methane is  not 
a Primary product of steam-butane reforming, and does not a r i s e  d i r ec t ly  from 
ca ta ly t ic  decompoeltion of feedstock. 

methane is  probably formed by the methanation reaction 

This resu l t  i s  i n  agreement 

Consideration of other possible reactions yielding methane indicates  that 

3 % + CO 17 920 + CH4 ( 3 )  
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which is  catalyzed by nickel a t  conditions sbi lar t o  those employed i n  reforming. 
Production of methane is limited by the steam-methane back-reaction, since methane 
molecules can disappear by successfully competing with unreacted n-butane f o r  
act ive reforming s i t e s  on the  catalyst .  

detectable amounts of carbon are  always present on act ive catalysts .  
carbon contents a re  higher a t  the lower reforming temperatures. 
B contains l e s s  carbon than Impregnated Catalyst A a f t e r  comparable periods of ex- 
posure t o  steam hydrocarbon mixtures. The temperature dependency of catalyst  car-  
bon content is i l l u s t r a t ed  specif ical ly  i n  Table 3, where carbon levels  a re  com- 
pared for runs made w i t h  Catalyst B a t  nominally constant conversion, constant 
steam-carbon ra t io ,  and gOOOF, 11OODF and 13007. Although absolute values for 
carbon content may be spec i f ic  for the apparatus and conditions employed, these 
analyses indicate that carbon content decreases almost exponentially with increasing 
temperature. 

Analyses of discharged ca ta lys t s  indicate tha t ,  a t  steady s t a t e  conditions, 

Compounded Catalyst 
In  general, 

All data from t e s t s  on n-butane have been evaluated t o  determine the ap- 
parent kinet ics  of n-butane disappearance. While the data a re  not suff ic ient ly  
precise for  a detai led kinet ic  analysis, the r a t e  of butane disappearance appears 
t o  be approximately proportional t o  n-butane concentration fo r  the temperatures, 
steam-carbon r a t io s ,  and ca ta lys t s  studied. 
ra te  constant increases exponentially with temperature. 
a l so  been shown t o  apply in natura l  gas reforming /l/. A comparison of r a t e  con- 
s tan ts  for  butane disappearance by steam-hydrocarbon reforming and by thermal 
cracking indicates that  the reforming reaction is roughly 100 times f a s t e r  a t  the 
same temperature, t h u s  confirming thnt  thermal cracking is not a major reaction in 
reforming . 

!/?he apparent f i rs t  order reaction 
F i r s t  order kinet ics  have 

Discussion 

Information developed from p a r t i a l  conversion and p i l o t  plant  studies per- 
m i t s  some reasonable speculation on the individual chemical reactions occuning in 
steam-hydrocarbon reforming. The overa l l  conversion of paraff in  hydrocarbons ana 
steam t o  reformed products is indicated a s  occurring through a complex ser ies  o f  
consecutive and competing reactions. 
surface, a re  adsorbed, and undergo ca ta ly t ic  cracking-dehydrogenation reactions 
which yield strongly absorbed olef inic  fragments. 
t ion  reactions occur, leading t o  formation of coke or carbon on the catalyst. The 
sum of these consecutive s teps  i s  an overal l  reaction i n  which feedstock molecules 
a re  converted t o  carbon on the ca ta lys t  a t  a r a t e  proportional t o  feedstock cczcen- 
t r a  tion. 

Carbon deposits a re  continuously removed from the ca ta lys t  by a competing 
reaction involving steam. Adsorbed steam molecules react  with deposited carbon t o  
form hydrogen and carbon monoxide or carbon dioxide. These products, hydrogen 
evolved i n  the cracking-dehydrogenation-polymefization step, and steam a l so  pa r t i -  
cipate i n  methanation and water gas s h i f t  s ide reactions. 
of the methane produced by methanation i s  continuously reformed through E sequence 
slmilar t o  that followed by the or ig ina l  feedstock. 

forming units, since it predicts  bhat n e t  carbon formation and inoperability re- 
s u l t  when the ra te  of feedstock decomposition exceeds the r a t e  of carbon removal 
by the steam-carbon ratio. Operable reforming uni t s  a r e  thus characterized by 
equal ra tes  of carbon formation and removal a t  a l l  points i n  the ca ta lys t  bed. Any 
change in  conditions which induces a re la t ive  increase i n  the r a t e  of carbon removal 
from the catalyst  w i l l  accordingly favor operability. 
capable of a l t e r ing  this r e l a t ive  r a t e  a re  temperature and steam-carbon rat io .  An 

Hydrocarbon molecules diffuse t o  the catalyst  

Further dehydrogenation-polymeriza- 

I n  addition, a portion 

This qual i ta t ive meCheniSm l e  helpful  in r8tionaliZing the behavior of re- 
* 

Major operating variables 
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increase in catalyst  bed temperature will, in general, favor the attainment of oper- 
a b i l i t y .  
t o  increase exponentially w i t h  temperature , the  steam-carbon reaction r a t e  apparently 
increases a t  a relat ively greater  rate, as demonstrated by catalyst  carbon analyses. 
With a l l  other r eac to r  var iables  held constant, an increase in catalyst  temperature 
w i l l  therefore increase the re la t ive  ra te  a t  which carbon is removed from catalyst  a t  
a l l  points within the bed, o r  lower the equilibrium carbon content of ca ta lys t .  

Although the r a t e s  of reactions producing and removing carbon both appear 

An Increase I n  steam-carbon r a t i o  will a l so  favor the attainment of operabili ty 
by reducing the ra te  of hydrocarbon decomposition. When reforming n-butane, for ex- 
ample, an increase In steam-carbon r a t i o  from 2.0 t o  3.0 reduces butane concentration 
in the feedstock from 0.111 t o  0.0796 mol fract ion,  a decrease of about 31 per cent. 
Thus the initial rate  of butane decomposition t o  carbon near the tube i n l e t  is de- 
creased about 31 per cent. 
from 0.889 t o  0.922 mol  f rac t ion ,  does not appear t o  great ly  influence the ra te  of 
carbon-removing reactions.  Small increases in steam concentration can therefore 
strongly Influence the r e l a t ive  r a t e s  of carbon laydown and removal on catalyst  lo -  
cated near the  bed inlet. 

The corresponding slight increase in steam concentration, 

These observations are consistent with operating experience in pilot plants  and 
commercial units.  Carbon deposit ion generally occurs near t he  tube inlet w h e r e  cat- 
alyst temperatures are low; in t h i s  c r i t i c a l  zone, the steam-carbon reaction proceeds 
slowly r e l a t ive  t o  decomposition. The effectiveness of increased steam-carbon r a t i o  
in suppressing carbon formation in the  c r i t i c a l  zone is  w e l l  known. 

The relationship between paraffin hydrocarbon molecular weight and mFnimum 
steam-carbon r a t i o  presented in Figure 1 may a l so  be a consequence of changes In the 
r e l a t ive  r a t e s  of competing reactions producing and removing carbon. 
suggests that, a t  the same temperature and steam-carbon r a t io ,  n-butane is  catalyt-  
i ca l ly  decomposed t o  carbon more rapidly than methane. 
between steam and carbon is similar  In both cases , net  carbon fo rmt ion  o r  inoper- 
a b i l i t y  will be favored for the heavier feedstock. 
operabi l i ty ,  addi t ional  steam w i l l  be requlred t o  reduce the rate of' n-butane decom- 
posit ion t o  carbon. Hence n-butane w i l l  require a higher minimum steam-carbon r a t io  
than methane t o  balance carbon production and removal. The relationehip shown in 
Figure 1 may therefore arise from a regular increase in the  r a t e  of ca ta ly t ic  d e -  
composition t o  carbon with increasing feedstock molecular weight. 

Experience 

Lf the ra t e  of reaction 

To attain an equal degree of 

Conclus ions 

Pi lo t  plant t e s t s  demonstrate that presently available steam-hydrocarbon re- 
forming catalysts  can be used successfully w i t h  l i gh t  l iquid hydrocarbon feedstocks. 
The s imi la r i ty  of behavior and resu l t s  noted in t e s t s  with propane and n-heptane 
indicate that l ight  l iqu id  hydrocarbons and currently reformed feedstocks follow a 
similar  reaction path. W r t i a l  conversion experiments suggest a mechanism involving 
SimultarIeOUS ca ta ly t ic  conversion of feedstock t o  carbon and ca ta ly t ic  removal of 
carbon by the steam-carbon reaction. 
methane reforming side reactions are additionally indicated as occurring on the cat-  
alyst - The qual i ta t ive mechanism presented appears t o  ra t ional ize  some observed 
ef fec ts  of reforming temperature and steam-carbon r a t i o  on operabili ty.  

Water gas s h i f t ,  methanation, and steam- 

!Table 3 
EFFECT QF REFORMIlJG TEMPERATURE: Om CARBON 

CONTENTS OF DISCHARGED CATALYSTS 

Temperature, "F. goo 1100 1300 

Carbon on Catalyst, Ut. $ 1.34 0.46 0.12 
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TRAmSF'ER OF HEAT FROM HELNM AT HIGH TEMPERATURES-- 
PEIYSICAL CBARACTERISTICS OF CERAMIC EIEAT EXCHANGERS 

Stanley C .  Browning+ and John J. S. Sebastian 

Morgantown C o a l  Research Center 
Bureau of Mines, U. S. Department of the Interior 

Morgantown, W. Va . 

Preliminary cost studies indicate tha t  it should be economic- possible 
t o  use nuclear energy a s  process heat for certain endothermic reactions. 
Federal Bureau of Mines' interest  at present i s  ut i l iz ing heat from the fission 
of nuclear fuels  t o  gasif'y coals w i t h  steam t o  produce synthesis gas. 
concern in the study of  the use of nuclear heat for gasification of coal and for 
other industrial  purposes is the problem of effective transfer of heat from the 
gas-cooled nuclear reactor-core to  a reaction chamber where the endothermic re- 
action takes place. 
necessary t o  design a heat exchanger capable of performance a t  temperatures much 
in excess of those ordinarily encountered i n  heat exchange equipment. 
changers constructed of available metals will not withstand prolonged use a t  
high temperatures. 
a l s  capable of withstanding high temperatures and other severe conditions of 
corrosion and erosion. 

convection to  and from gases. 
by KcAdams (15) and others (8 ,  11). Most of the existing experimmtal data, 
however, refer primarily t o  heat exchange i n  metal tubes, and do not extend 
into the range of higher temperatures in  which interest  has increased in many 
current engineering applications. 

Center of the Bureau o f  Mines, U. S. Department of the Interior,  Morgantown, 
W. Va., t o  obtain heat-transfer information over a wide range of surface and 
fluid temperatures, with helium as the heat-transfer medium. 
broad program, an investigation was mde of the transfer of heat from helium 
(flowing through smooth tubes) t o  the tubular surfaces of a vitreous alumina 
heat exchanger. The effects of such variables as  tube+all temperature and 
in le t  hdiumtemperature were investigated. 
amic materials in a heat exchanger and some of the  factors involved in t h e  design 
and fabrication of a ceramic exchanger were &so studied. 

the velocity of the f lu id  is maintained at  a sufficiently high leve l  t o  assure a 
turbdent  flaw. 
t w b u e n t  f l a w  because of the low density of helium at  atmospheric p r e s s r e  and 
the increasing viscosit ies of gases with temperature. The pressure could not be 
increased above atmospheric as  it was necessary t o  hold the helium loss from the  
sys tm within practical  limits. 
in the lower laminar flow region a t  atmospheric pressure. 

The 

Of prhry  

In  order t o  remove the heat fromthe coolant-gas, it i s  

Heat ex- 

This suggests t h e  investigation of certain ceramic materi- 

Much data are available i n  the l i t e r a tu re  on heat transfer by forced 
Summaries of previous work have been published 

An experimental investigation vas undertaken a t  the Morgantown C o a l  Research 

A s  part of t h i s  

The feas ib i l i ty  of the use of cer- 

In most of the forms of heat-exchange apparatus based on forced convection 

In t h i s  investigation, however, it was not possible t o  a t ta in  

Consequently, this investigation was conducted 

*Ppesat address, Glen L. Martin Co., Baltimore, 
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Cornplate mathematical solution is lmown far o m  a relatively few cases of 
heat transfer. 
expression for the transfer of heat through the  f luid film is usually developed 
by the  method of dimensional analysis. 
equation have met with l i t t l e  success, mainly because of the hydrodynamic prob- 
l e m  that must be solved simultaneously. The completed solutions of the Fourier 
-Poisson equation depend on convenient assumptions concernfng the motion of the 
fluid. 

for  the case of a jacketed tube or pipe, 5.e. those of Graetz, Leveque and 
Russell. 
conduction of heat i n  f luids  moving in laminar flow. 
UC, 18) derived for the  calculation of the Nusselt number from t h e  velocity 
distribution vary in form due t o  the various assumptions used in deriving them. 

calculating the inside-film heat-transfer coefficient: 

Since t h i s  problem involves so many variables, a mathematical 

A t t e m p t s  t o  solve the  Fourier-Poisson 

Dpw (6) eliminates most of the proposed solutions and lists only three 

Several investigators (4 ,  7, 16) evaluated Graetzf results for  the 
Other equations (5, 13, 

For laminar flow, HcAdsms (15, 19) reconmends an empirical expression for  

This relationship applies fo r  Reynolds numbers below 2100, but it would give 
incorrect heat-transfer coefficients for  very low "Re" nunbers. 

in  viscous flow in tubes, do not take into consideration the effects of the radi- 
a l  temperature gradient on the axial and radial  components of velocity, Because 
of the  temperature coefficient of viscosity, a radial  viscosity gradient results 
that  affects  the distribution of velocit ies considerably compared t o  that pre- 
vail ing in  isothermal flow. This presents a problem of deciding where, and at 
what temperature, the physical properties of the  f lu id  should be evaluated. 
Colburn (4) obtained good correlation of data on heat transfer by employing film 
properties, but had t o  supplement h i s  correlation by introducing a viscosity 
correction ratio. 

main stream properties. 
the velocity distribution, they included i n  the usual correlation of dimensionless 
numbers an additional dimensionless group, A/h, Le., t h e  ra t io  of the viscosity 
a t  the  average helium temperature to  that a t  the w a l l  temperature. 

only limited data exists for h e a t  transfer a t  higher temperatures. Zellnik and 
Churchill (20) obtained data fo r  the transfer of heat from air in turbulent flow 
inside a tube for temperatures of 480 - 2000OF. and flow rates  corresponding t o  
Reynolds numbers f r o m  4500 t o  22,500. 
heating air  inside a tube with aall temperatures up to 295PF. 
Ram-, Henderson and Smith (17) determined heat-transfer coefficients for a i r  flow- 
ing in a 2-inch pipe a t  temperatures of 500 - l2OO?F., with gas-to-wdll tempera- 
ture differences of 3C0 t o  1O@F., and Reynolds numbers from 2000 t o  20,000. 
Their resul ts  include data on steam over a range of Reynolds numbers from 5000 t o  

len t  f low.  
from those relating t o  low-temperatures when correlated by the  proposed theoretical  
equations. 

Theoretical formulas, such as those of Graets, fo r  heat transfer to f luids  

Sieder and Tate (19) simplified calculations by basing their  correlations on 
To express the interaction of the viscosity gradient on 

The correlations heretofore discussed were made at relatively low temperatures; 

Others (10) have published s o m e  data on 
More recently, 

60,000. 
However, a l l  these high-temperature heat-transfer studies pertain to turbu- 

The data pertaining t o  turbulent flow at high temperatures deviated 

Amaratus and Procedure 

high temperatures, is shown i n  Figure 1. Helium was recycled i n  a closed circui t  by 
A schematic diagram of the apparatus used f o r  our study of heat transfer a t  

1 

I 
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means of a rotary positive-displacemsnt blower. 
passed through a surge tank and heated t o  the desired temperature in a resist- 
ance-type electric furnace. This temperature was measured by a shielded ther- 

and the in le t  t o  the t%est-sectionn, i.e., t h a t  part of the  train i n  which the 
tested heat exchanger i s  inserted. 
the outlet from the test-section before entering the cooler. 
t o  room temperature was  passed through t w o  prallel-connected calibrated rota- 
Eeters t o  neasure the ra te  of flow of the heat transfer medium through the  closed 
circuit. The test-section, shielded thermocouples, and ad joining tubing were 
thermally insulated. Additional heliurri t o  replace tha t  which leaked from the 
sgsten was supplied through a pressure-regulator. 
-up" gas was indicated by a calibrated rotameter. 

test-exchanger. 
was regulated by changing the r a t e  of flow of the  air through the  annular space. 
High tube-wall temperatures were obtained by preheating t h i s  air i n  a commercial 
electric resistance furnace. 
could be altered from concurrent t o  countercurrent, or vice-versa, simply by 
switching t h e  inlet and outlet valves for  the a i r  o r  any other cooling f lu id  
used as  heat absorbers. 
inlet and outlet of the heat exchanger; its flow-rate was measured by a cali- 
brated rotameter. 

of 60, was used (Figure 2). The vitreous alumina inner tubing was surrounded by 
a larger diameter tube of the same material, and t h e  cooling air  was passed 
through the annular jacket thus formed. Tube w a l l  temperatures were measured by 
means of (Pt)-(F%+lO percent Rh) thermocouples located a t  ten  different points 
along t h e  tube length. 
the tube w a l l  and covered over with alumina cement. 
nected by mans of a selector switch to  a potentiometer. 

available published data. 
taken from the resu l t s  of work done at the National Bureau of Standards by 
Hilsenrath and Touloukian ( 9 ) .  
(1) was taken a s  1.24 B.t.u./(lb)(oF.y. This value agreed with that calculated 
from the F'randtl numbers and viscosity and thermal conductivity data of Hilsenrath 
and Touloukian and was assumed constant, since the  specific heat of helium does 
not vary with temperature. 

The helium from the  p . p  was 

I 

I nocouple placed in a mixing charber located between t h e  outlet  of the  furnace 

The helium temperature was measured also a t  
The helium cooled 

The flow r a t e  of t h i s  "make 

Compressed air  was supplied a s  heat receiving medium t o  the  annulus of the 
The w a l l  temperature of the inner tube of the  test-exchanger 

The direction of flow of gases i n  the exchanger 

The temperature of the cooling a i r  w a s  measured a t  the  

A test-exchanger made of vitreous alumina, with a length-to-diameter r a t io  

Each thermocouple was placed i n  a s lo t  cut halfway through 
The thermocouples were con- 

The physical properties of the helium were computed by extrapolatior, of 
The thermal conductivity and viscosity data were 

The s ec i f ic  heat of helium a t  constant pressure 

\ 

R 
I 

\ 

> 
9 

', 

'\ 

Experimental Results and the i r  Evaluation 

age of the inlet, T i ,  and outlet, T o ,  temperatures. 
was measured by a "shielded thermocouple" arrangement through which the hot heli- 
um had @sed and was thoroughly mixed. 

Average inside tube-wall temperatures were determined f o r  various f l o w  ra tes  
of helium and cooling air; typical results are i l lus t ra ted  fo r  counterflow of 
gases in Figure 3, and for  parallel flow i n  Figure 4. 
(Q)$ the helium flow ra t e  (V), average w a l l  temperature (h), and the  hel ium tem- 
perature a t  the  in le t  (Ti) are shown as  parameters. 
typicdl temperature distribution curves; similar trends were obtained for  other 
conditions of flow and gas temperatures. 

The average w a l l  temperatures of the inner tube of the test-exchanger were 
obtained by neasuring the  area under curves similar t o  those in Figures 3 and 4 
and dividing it by the length of the heat-transfer area. 
in the tube w a l l  were assumed to  masure the temperature of the  inside surface of 

The average temperature of the helium ("hot gasw), Ta,  was taken a s  the aver- 
Each of these temperatures 

The r a t e  of heat transfer 

The curves obtained are  

Thermocouples embedded 



t h e  tube, 
were found t o  be negligible, l e s s  than 3OF., jus t i f ies  the assumption. 
average inside-film heat-transfer coefficient (hi) was obtahed from the  exper- 
imental data by the relation: 

The fac t  tha t  the  calculated temperature gradients through the w a l l  
The 

wc ( T ~ - T ~ )  
h i  = 

A . W a  

As pointed out previously, t h e  usual method of correlating experimental 
data on h e a t  t ransfer by forced convection is being employed by determining the 
effects of significant variables on the ra te  of heat t ransfer  and combining 
these varfables into an empirical equation by m e a n s  of dimensional analysis. 
The equation obtained by this method is: 

where K is  a constant and m, n and p are  exponential constants. 
gested a simpler form of t h i s  equation, derived by assuming that m, n and p are 

MJLdams (15) sug- 

equal: 

The experimental data obtained in t h i s  investigation were correlated by use 

To es- 
of both types of equations. 
of the data from our ceramic heat exchanger for  the L/D rat ios  employed. 
tablish a mre general equation d i d  for any L/D ratio,  additional investigation 
i s  necessary t o  cover a wider range of experimental conditions. 

(4). For this purpse,  t he  viscosity and thermal conductivity data used had been 
computed for the average gas temperature. 

changer, having a length-diameter r a t io  of 60, are presented i n  Figure 5 .  The 
data shown refer  t o  inlet-gas temperatures of US0 - 2665OF. and Graetz numbers 
of 0.03 - 5. A group of three paral le l  straight lines, each for a different con- 
di t ion of cooling-air flow, has been obtained. The plot shows conclusively that  
either by reducing the velocity of the cooling a i r  or by heating it, the trend 
-lines shifted in position, and a different value was obtained for the constant, 
K. T h a t  i s  t o  say, there is  a difference in  Nusselt number for any selected 
value of Graetz number. Since varying the velocity or increasing the inlet tem- 
perature of cooling air had the effect of varying the  tube-wall temperature, it 
seemed obvious that a satisfactory correlation would require inclusion of the sur- 
face temperature, or of properties that are  dependent upon the la t ter .  

er t ies ,  no allowance is being mde  for the  variation of these properties over the 
cross section of t h e  flowing fluid.  However, these variations influence t h e  heat 
exchange within the fluid. 
account variations of viscosity, but ignores the other properties. The use of 
a g a s - t o d  temperature rat io ,  on the other hand, corrects for  variations in the 
velocity profile with temperature. But, as these velocity variations are caused 
by changing physical properties due t o  temperature changes, the T a / t ,  r a t io  ac- 
tually corrects for all changes i n  the physical properties with temperature. 
Therefore, application of the temperatureratio corrections would be expected t o  
result in a bet ter  correlation. Consequently, t h e  $% group was supplemented by 

However, Equation (3) gave a better representation 

The experimental data obtained were first correlated Fn terms of Equation 

Data obtained by use of helium cooled by air  i n  a vitreous-alumina heat ex- 

h’hen the  average temperature i s  used for  the evaluation of heat transfer p r o p  

The Seider and Tate viscosity correction takes into 
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addi t ion of t h e  T a / L  ra t io .  The final form of Equation (4) thus be-: 

where: hiD/k is  the  Nusselt number (Nu), and W/kL i s  the  Graetz number (Gz). 
Several runs were  -de holding t h e  Graetz number constant in order t0 de- 

termine the extent of t h e  dependence of Nusselt number on t h e  temperature ra t io .  
The results of these tests are shown in Figure 6. 
exponent b, obtained by taking t he  slope of these  curves, was found t o  be -0.9 
f o r  values of T a / t w  less than approximately 3. 
that any further increase i n  the  gas-to-surface temperature r a t i o  above 3 has 
prac t ica l ly  no effect on the Nusselt number. 

In laminar flow, when a f l u i d  flows isothermally the  veloci ty  prof i le  is 
assumed t o  be parabolic, with a naximum veloci ty  a t  the  center  a x i s  of t h e  pipe 
or tube, and zero veloci ty  a t  t he  w a l l .  The flow may be thought of as concen- 
t r i c  cylindrical elements of f l u i d  moving relative t o  each other with l i t t l e  or 
no m i x i n g  of the layers.  If the  hot stream of gas is being cooled, as i n  t h i s  
investigation, the viscosi ty  of t he  gas near t he  wall i s  lower than t h a t  of t he  
=in stream of the  f lu id ;  consequently, t h e  f l u i d  near t h e  w a l l  t r ave l s  a t  a 
higher veloci ty  than normally when t h e  wall is not cooled. For this t o  happen, 
some of the  gas from t h e  center of t h e  tube must flow toward the  w a l l  t o  maintain 
t h e  increased velocity at t h e  tube-wall. Thus, t h e  cooling of t h e  f l u i d  causes 
a r ad ia l  component of veloci ty  that modifies the  nature of t h e  laminar flow. 

Since i n  cooling t h e  gas t h e  parabolic d i s t r ibu t ion  of veloci ty  is distor- 
ted, correction should be applied. 
tu res  increases, T J b  increases, it i s  expected t h a t  t h e  veloci ty  p ro f i l e  would 
tend t o  approximate t h a t  of a w e l l - m i x e d  f lu id ,  and the  propert ies  would not 
vary appreciably across a section of t he  tube. Further increase in T&, would 
not be expected t o  change t h e  veloci ty  prof i le  appreciably; t he  propert ies  of 
the f l u i d  would remain essent ia l ly  t h e  same across  the  tube sect ion and no cor- 
rect ion would be needed. 

The average value of the  

It can be seen fro= Figure 6 

As t h e  difference i n  gas and w a l l  tempera- 

Far values of Ta/tw less than 3, Equation ( 5 )  can be wr i t ten  as: 

This  equation was rearranged in to  a more useful  form f o r  plott ing: 
0 \ 

J 
The value of constant "a" was found t o  be 0.86 from a p lo t  of t h i s  equation, 
Figure 7, by measuring the  slope of t h e  trend-curve (a s t r a igh t  line) obtained 
by the  best  f r ee  f i t .  From t h e  same plot, for t h e  value of =Ft 1.10 was ob- 
tained as t h e  intercept  on t h e  ordinate a t  unity on t h e  abscissa. The plotted 
data have been corrected f o r  differences between t h e  gas and wall temperatures. 

Substi tuting t h e  values of K, a and b- i n to  EqAtion ( 5 ) ,  t h e  following 
q u a t  ion : 

was obtained for values of T s / b  less than 3. 

on 4 u a t i o n  (4) gave a similar s t ra ight  l i n e  (Figure 8 ) .  
been applied i n  t h i s  p lo t  f o r  differences between the  gas and wall temperatures 
f o r  t h e  reasons diSCUSSed. 

For values of T&, greater than 3, a plo t  of t h e  experim&tal data based 
No correction has 
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A b e t t e r  correlat ion of t h e  experimental da ta  was  obtained by Equation 

(3) which contains t h e  dimensionless groups associated with turbulent  flow: 

(3) 

where hiD/k i s  the  Nusselt number (Nu), Dvp/ i s  t h e  Reynolds number (Re), and 

&k) investigated was i n su f f i c i en t  t o  determine t h e i r  e f fec t  on the  Nusselt 
number; therefore,  the  cor re la t ions  presented here are applicable only t o  the  
d u e s  of investigated. 

In Figure 9 t h e  heat-transfer coef f ic ien ts  a r e  correlated with other  per- 
tinent var iables  i n  terms of the  Reynolds (Re), Prandtl  (&), and plusselt (NU) 
numbers. Namely, the  r t i o  of the Nusselt number t o  t h e  cube root  of t h e  

parallel s t ra ight  l i nes ,  one f o r  a lower and one for a higher flow-rate of 
cooling-air ,  have been obtained. 
dimensionless groups f o r  p lo t t ing ,  the values of viscosity,  thermal conduc- 
t i v i t y ,  specif ic  heat and o ther  physical propert ies  of the helium have been 
estimated a t  the average stream temperatures. 

If corrections are incorporated fo r  differences in heliun-stream and w a l l  
temperatures, the  curve i n  Figure 10 is obtained for values of ra/tw l e s s  than 
3. The slope of t h i s  trend l i n e  is 0.86 and the  intercept on the  ordinate a t  
Re - 1 is 0.028, Thus, F igure  10 represents a plot  of t he  following equation: 

C k is t h e  Prandtl number (Pr). However ,  t 4 e number of length-diameter r a t io s  

Prandt l  number (Nu Prl 3 3) was plot ted against  t he  Reynolds number (Re). Two 

For computing t h e  numerical values of these 

(9)  

Transposing, Equation (1b)is obtained, which adequately represents the  experi- 
mental data: 

f o r  values of Ta/tw less than 3, 

low helium flow-rates used, 
. l a t e d  beyond the range of values plotted,  a s  a change in t h e  slope of t he  curve 

f o r  Graetz numbers above 5 has  been indicated i n  our investigations.  

of t h e  viscosi ty  r a t i o  correct ion cff Sieder and Tate (19). Consequently, the 
g a s 4  temperature correct ion would not be applicable t o  a gas whose phys- 
ical  properties are affected by temperature d i f fe ren t ly  than those of helium. 
Likewise, the  point a t  which' t h e  temperature r a t i o  ceases t o  influence t h e  
heat-transfer curve would b e  expected t o  be d i f fe ren t  f o r  other  gases, 

Free convection effects w e r e  neglected i n  t h i s  invest igat ion since the 
tubes used were  horizontal  and were of r e l a t i v e l y  small diameters, In  larger 
tubes, free convection would be expected t o  influence the  heat t r ans fe r  as long 
a s  laminar flaw was maintained, 

In view of t h e  low flow-rates, it was assumed that end effects w e r e  negli- 
g i b l e  and that laminar f law was maintained within t h e  test section, 

The heat-transfer data obtained i n  t h i s  work is of limited scope due t o  the 
The heat-transfer curves should not be  extrapo- 

The g a s - t o 4  temperature r a t i o  was used as a correction f ac to r  instead 

Problems in  the  Desim of Ceramic H e a t  Escchamers 
The d i f f i c u l t i e s  encountered in t h e  design and construction of our experi- 

mental vi t reous alumina exchanger ind ica te  that severa l  construction problems 
remain t o  be  solved before a ceramic heat exchanger could b e  produced cammer- 
ciallg. The greatest  of t hese  problems is that of making and maintaining sever- 
a l  gast ight  Seals, 801118 of which must withstand temperatures exceeding 25@FI 
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These seals must be made with same type of cementing material, which when 
dried and f i r ed  w j U  have a coeff ic ient  of expansion s imilar  t o  that of t he  
materials joined. 
t h e  exchanger is  metall ic,  it is necessary t o  jo in  materials with great ly  
different coefficients of expansion. 
lem has yet been found. 

-ceramic and ceramic-toaetal ,  were obtained by using a mixture of 60-7G 
fine grain ( b a l l d e d  f o r  16 hours) pure alumina plus 3 0 4 %  comercial  
sodium s i l i c a t e  solution. After the  cement had air-dried, the  jo in t s  were 
f i r e d  at t a p m a t u r e s  above 2200%. 
cement were  applied, and t h e  drying-firing process was  repeated. However, 
j o in t s  of t h i s  type have not always been sat isfactory.  

Af t e r  approximately lo00 hours of operation, our experimental alumina 
heat exchanger was removed from the test c i r c u i t  t o  t e s t  t h e  seals  f o r  gas 
leaks, 
( 5  p.s.i.g.) others  were not. Also, after an extended period of operation a t  
high temperatures, the  alumina cement had a tendency t o  peel  off the metal in 
case of metal-to-ceramic joints. 

The diff icul ty  of constructing e f fec t ive  ceramic seals was a lso  real ized 
under ac tua l  operating conditions. 
t h e  cycling system to maintain a s l i g h t l y  posi t ive pressure i n  t h e  test loop. 
With higher pressure drops, caused by attempts t o  increase the  helium flow 
rates in the  system, it became necessary t o  increase the helium makeup to 
maintain the  pressure. The makeup r a t e  (helium los s )  eventually became so 
great t h a t  it was no longer prac t ica l  to continue to increase t h e  gas cycling 
rate. Thus, pressure drops above l b i n c h  w.g. could not be tolerated.  A t  
very low flow-rates, on t h e  other hand, experiments have been continued f o r  
several days without adding any helium as makeup. 

t he  tubes fromthermal shocks. 
res is tance t o  thermal shocks compared t o  most ceramic materials,  elaborate pre- 
cautions had t o  be taken t o  avoid f rac ture  from thermal stresses. 
taken during heating and cooling periods t o  avoid la rge  thermal gradients 
l i ke ly  t o  cause tube fa i lure .  

the a b i l i t y  of basic  components of ceramic mater ia ls  t o  withstand thermal 
s t resses  encountered in service. Of par t icu lar  i n t e re s t  i n  t h e  investigations 
of Baroody and associates  ( 2 )  was t h e  high res i s tance  to thermal f rac ture  ex- 
hibited by thin-walled tubes such as might be used in ceramic heat exchangers. 

Another problem in the  design of ceramic exchangers is t h a t  of expansion. 
Any type of expansion joint 'adds to the  task  of maintaining a leak-proof cy- 
cl ing system. When providing f o r  expansion, it should b e  desirable to keep 
the  components of the  exchanger i n  a state of compression ra ther  than tension, 
as ceramics are r e l a t ive ly  weak i n  tension. No special  precautions were nec- 
essary f o r  t h e  expansion of t h e  exchanger parts in t h i s  invest igat ion s ince the  
outer  tube w a s  l a rge  compared t o  t h e  inner tube, and t h e  s t r e s ses  encountered 
w e r e  considered s a f e  below the  l i m i t .  

As much of t h e  piping and auxi l iary apparatus used Kith 

No sa t i s fac tory  solut ion to this prob- 

In our experimental work the  most effective jo in ts ,  both ceramic-to 

Several successive coatings of this 

While some of t h e  j o i n t s  were found t o  be gast ight  a t  l a w  pressures 

I n  all tests enough helium was supplied to 

In addition, de f in i t e  precautions had t o  be taken t o  prevent f a i l u r e  of 
Although, vi t reous alumina has remarkably high 

Care was 

Effor ts  have been made recently by several invest igators  (1) t o  predict  

Conclusions 
Correlations f o r  the prediction of the average inside-film coeff ic ients  

of heat-transfer f o r  t he  removal of heat f r o m  gases in t h e  lower region'of 
laminar flaw, with high temperature differences prevailing, must include a 
correct ion f o r  the  var ia t ion o f  f lu id  propert ies  up t o  a ce r t a in  value of 
g a s - t w a l l  temperature r a t io .  
pera tme r a t i o  ceases to influence the  heat t r ans fe r  relationship.  

. 
Beyond t h i s  point, any increase i n  this tem- 
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W i t h i n  the limits of t h i s  investigation, and for gas-to-surface tempera- 
ture ra t ios  l e s s  than 3, the experimental data for helium may be represented 
by the equation: 

o r  : Nu = 1.10 (& Gz) 0.86 (--) Ta 4.9 

Ceramic heat exchangers appear t o  hold much promise for use in temperature 
ranges above those generally encountered Fn conventional exchangers. HOWBVW, 
no progress is  i n  sight in the i r  design and construction until  methods a re  devel- 
oped to construct mechanically re l iab le  gastight seals, and m e a n s  axe found to  
prevent high thermal stresses, 
c i a l  s ize  heat exchanger of this type under operating conditions. 
exchangers a re  a lso  limited at present t o  low pressures that makes the i r  use 
with a l ight ,  gaseous heat-transfer medium, such as h a m ,  impractical. 

Both of these problems would arise in a comer- 
Ceramic heat 

Aclmowledanen t 
The work described was carried out as part of the A.E.C. - Bureau of Mhes 

process-heat reactor program f o r  the ut i l izat ion of nuclear energy for  coal gas- 
ification. The authors are indebted t o  the Atomic b e r m  Commission for  partial 
support of t he  reaearch conducted. 

at  various times during the  course of the work, and t o  H. G. Lucas for assistance 
in the experimental work. 

Nomenclature 
A = heat transfer surface, f t O 2  
C I. specific heat at constant pressure, B.t,u./(lb.)(*.) 
D = inside diameter of tube or pipe, f t .  
h - film heat-transfer coefficient, B.t.u./(hr.)(ftO2)(oF.) 
k - thermal conductivity, B.t.u./(hr.)(ft.2) (OF./ft.) 
L = length, ft. 
Q -= heat f low,  B.t.u./hr. 
R resistance t o  heat flow, (hr.)(ft.2)(”F.)/B.t.u. 
T i  - temperature of helium a t  in le t ,  OF. 
To - temperature of helium a t  outlet ,  OF. 
Ta = average helium temperature, OF. 
ti = temperature of cooling gas at inlet, OF. 
to = temperature of cooling gas at outlet ,  OF. 
t l r t 2 , t 3  - Wdu temperatures a t  selected points along .the tube length, 9. 
t w  = average wall temperature, OF. 
v - velocity, ft./hr.; or t o t a l  volume, ft.3 
v = specific volume, ft.3/lb. 
W = weight flow ra te  of helium, lb./hr. 

7 viscosity, lb./(ft.)(hr.) 5 = density, lb./ft.3 
x = distance, ft. 
a,m,n,p,b - constants 

Dimensionless Numbers 
WC/!& = Graetz number (Gs) 

D G / p  = Reynolds number (Re) 

Thanks are  due L. L. H i r s t  and R. F. Stewart for  helpful suggestions made 

= Nusselt number (Nu) - Prandtl number (Pr) 

i 
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Sub s c r i p t s  
i = inside of pipe or tube 
o = outside of pipe or tube 
f = f i l m  
a = hot gas 
w = w a l l  
m = mean value 
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Figure 1. 
study of heat transfer a t  high temperatures 

Flow diagram of apparatus for the 

Figure 2. Construction detai ls  of 
vitreous alumina heat exchanger 
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F i m r e  4. 
para l l e l  flow. 

Distribution of tube-wall tempezatures, 
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Figure 5. 
showing effect  of cqoling-air rate 

Correlation of heat-transfer data 
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Figure 6. Effect of gas-to-wall temperature ratios 
on Nusselt number 
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Figure 7. Correlation of heat-transf er data 
corrected f o r  temperature ratios l e s s  than 3 

Figure 8. 
for temperature ratios greater than 3 

Correlation of heat-transfer data 
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Figure  9. 
i n  terms of Reynolds number 

Correlation of  heat-transfer data 
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Figure  10. 
corrected f o r  temperature r a t io s ,  i n  terms 
of Reynolds number 
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